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- ) Method: The study was conducted on 30 immature rats (12-days old). The rats were assigned into groups as con-
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trol and experiment (SE) groups. The SE was induced by pentylenetetrazole in 12-days old rats. In addition, ex-
periment group was divided into two groups as mature (n = 8) and immature SE (n = 8) subgroups. Again, the

Keywords: .. . . .
Stiltv:s epilepticus control group was divided into two groups as mature (n = 7) and immature control (n = 7) subgroups. Hippo-
Immature rat campal tissue samples were prepared, and expression of 84 key genes involved in synaptic plasticity was

assessed in Genome and Stem Cell Center of Erciyes University before behavioral tests in immature rats (22-
days old) and after open-filed area and Morris water maze tests in mature rats (72-days old) in both experiment
and control groups.
Results: No significant difference was detected in behavioral tests assessing spatial memory and learning among
groups. Significant differences were detected, ARC (activity-regulated cytoskeleton-associated protein), BDNF
(brain-derived neurotrophic factor), MAPK1 (mitogen-activated protein kinase 1), NR4A1 (nuclear receptor sub-
family 4 group A member 1), PPP3CA (protein phosphatase 3 catalytic subunit alpha), RGS2 (regulator of G pro-
tein signaling 2), and TNF (tumor necrosis factor) gene expressions between control and experiment groups in
immature rats whereas in ADCY8 (adenylate cyclase 8), BDNF (brain-derived neurotrophic factor), EGR4
(early growth response 4), and KIF17 (kinesin family member 17) gene expressions between control and exper-
iment groups in mature rats.
Discussion: In this study, differences detected in gene expressions of synaptic plasticity after SE indicate in which
steps of synaptic plasticity may be problematic in epileptogenesis. The gene expressions in this study may be con-
sidered as potential biomarkers; however, epileptogenesis is a dynamic process and cannot be explained through
a single mechanism. Future studies on epileptogenesis and studies specifically designed to evaluate genes de-
tected in our study will further elucidate synaptic plasticity in epilepsy and epileptogenesis.

© 2019 Elsevier Inc. All rights reserved.

Cognition and behavior
Synaptic plasticity gene expression

1. Introduction

Status epilepticus (SE) is defined as a single epileptic seizure or clus-
ter of seizures without return of consciousness lasting more than 30
min [1]. There are ongoing attempts to clarify underlying mechanisms
for prolonged and differing characteristics of SE compared to brief
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seizures. It has been found that hippocampus is continuously active dur-
ing SE [2].

Epileptogenesis is defined as events that occur before first seizure,
predispose epileptic brain to spontaneous recurrent seizures, enhance
seizure severity, and make epilepsy resistant to treatment [3].
Epileptogenesis has numerous cellular mechanisms including cell loss,
gliosis, increased expression of intermediate-early genes (c-fos, c-jun),
increased growth factors, neurogenesis, synaptogenesis, altered gluta-
mate and GABA signaling, inflammatory mediators, voltage-gated ion
channel changes, and excitotoxic antibodies among others [4].
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Research design

Pentylentetrazole (I.P)

Immature rat (12 day)
male Wistar
(weighing 30-35 g)

(12 day)

Normal saline (I.P)

Experimental group (n:16)

Control group (n:14)

Immature SE group (22 day) (n:8)

Mature SE group (72 day) (n:8)
Immature control group (22 day) (n:7)
Mature control group (72 day) (n:7)

/

Conducting behavior tests to the mature
experiment and control group (72 day)

(Open field test and moris water maze test)

Preparation and assessment of hippocampal
tissue samples (Immature group day 22, mature group day 72)

84 gene expression involved in synaptic plasticity was assessed by real time PCR

Fig. 1. Research design. Research plan is shown in the figure. LP: intraperitoneal.

The plasticity is pivotal in emotional and cognitive behaviors, learn-
ing, and memory, which have important roles in the formation of neu-
ronal network in the brain [5]. Synapse formation is mainly controlled
by genetics; however, only minority of the genes regulating synapse for-
mation is known [6].

The rapid and strong stimulation of presynaptic neurons generates
action potential in postsynaptic neuron. Over time, these synapses be-
come more susceptible, and stimulus is increasingly transmitted to
postsynaptic region. The prolonged enhancement in synaptic transmis-
sion is termed as long-term potentiation (LTP). The slow and weak
stimulation of neurons also leads to changes in synapses, resulting in
decrease in transmission of stimulus to postsynaptic region. This is

Table 1
Functional gene groups of synaptic plasticity.

Immediate-early response
genes (IEGs)

Arc?, Bdnf?, Cebpb, Cebpd, Creb1, Crem, Egr1, Egr2,
Egr3, Egr4?, Fos, Homer1, Jun, Junb, KIf10, Mmp9
(gelatinase B), Nfkb1, Nfkbib (Trip9), Ngf, Nptx2,
Nr4a1?, Ntf3, Pcdh8, Pim1, Plat (tPA), Rela, Rgs2?,
Rheb, Stf, Tnf*

Late response genes Inhba, Synpo
Long-term potentiation Adcy1, Adcy8?, Bdnf®, Camk2a, Camk2g, Cdh2
(LTP) (N-cadherin), Cnr1, Gabra5, Gnail, Grial, Gria2,

Grin1, Grin2a, Grin2b, Grin2c, Grin2d, Mapk1?,
Mmp9 (gelatinase B), Ntf4, Ntrk2, Plcg1, Ppp1ca,
Ppp1lcc, Ppp3ca?, Prkea, Prkcg, Rab3a, Ywhaq
(14-3-3)
Long-term depression (LTD) Gnail, Grial, Gria2, Gria3, Gria4, Grip1, Grm1,
Grm2, Igf1, Mapk1, Nos1, Ngfr, Pick1, Plat (tPA),
Ppplca, Ppplcc, Ppplrida (Cpi-17), Ppp2ca,
Ppp3ca?, Prkca, Prkg1
Adam10, Cdh2 (N-cadherin), Grin2a, Grin2b,
Ncam1, Pcdh8, Ppp2ca, Reln, Tnf*
Adam10, Mmp9 (gelatinase B), Plat (tPA), Reln,
Timp1
Akt1, Camk2g, Grin1, Grin2a, Grin2b, Grin2c,
Grin2d, Mapk1?, (Erk2), Ppp1ca, Ppplcc
Ephb2, Gabra5, Grial, Gria2, Gria3, Gria4, Grin1,
Grin2a, Grin2b, Grin2c, Grin2d, Grm1, Grm2, Grm3,
Grm4, Grm5, Grm7, Grm8, Ntrk2
Adam10, Arc?, DIg4 (Psd95), Grial, Gria3, Gria4,
Grin1, Grin2a, Grin2b, Grin2c, Grm1, Grm3,
Homerl1, Pick1, Synpo
Kif17¢, Sirt1

Cell adhesion
Extracellular matrix and

proteolytic processing
CREB cofactors

Neuronal receptors

Postsynaptic density

Others

Arc: activity-regulated cytoskeleton-associated protein, Adcy8: adenylate cyclase 8, Bdnf:
brain-derived neurotrophic factor, Egr4: early growth response 4, Kif17: kinesin family
member 17, Mapk1: mitogen-activated protein kinase 1, Nr4a1: nuclear receptor subfam-
ily 4 group A member 1, Ppp3ca: protein phosphatase 3 catalytic subunit alpha, Rgs2: reg-
ulator of G protein signaling 2, Tnf: tumor necrosis factor.

2 There was a statistically significant difference between groups.

termed as long-term depression (LTD). The LTP and LTD have intro-
duced novel ideas about molecular mechanisms of memory. Ongoing
LTP and LTD for many hours can also change transmitter release and re-
ceptors on neuronal surface. The longevity of LTP and LTD requires ge-
netic transcription and translation [7-12]. It was shown that LTP does
not only enhance synaptic connections but also promote new neuron
formation in hippocampus during learning process [13]. It was found
that LTP induces younger neurons more readily and that younger neu-
rons have higher amplitude than mature neurons; thus, these new neu-
rons enhance synaptic plasticity in hippocampus [14]. It was also found
that brain-derived neurotrophic factor (BDNF) at a certain threshold is
required for LTP formation and that excessive BDN (brain-derived neu-
rotrophic) inhibits LTD [15].

In the brain, neuronal gene expression is a dynamic process because
of neuronal activity. The expression of immediate-early response genes
(IEG) is selectively upregulated in neuron subgroups at brain regions re-
lated to learning and memory formations. Optogenetic and pharmaco-
genetic studies revealed that IEG-positive neurons encode and store
information required for recall, suggesting that they may have roles in
the creation of memory traces [16].

Many extrinsic and intrinsic inputs are needed for maturation of
brain regions related to cognitive functions. Seizure activity can hamper
this process by suppressing these regions and can cause atypical lateral-
ization of cerebral functions [17]. Understanding molecular pathways of
neuronal damage induced by seizures will reduce damage and cognitive
destruction in epilepsy and will have implications on epileptogenesis
occurring following brain injury [18]. As epileptogenesis studies are dif-
ficult and unethical in human, animal models of epileptogenesis are
warranted [19].

In this study, it was aimed to assess alterations in expression of 84
key genes involved in synaptic plasticity after SE induced by
pentylenetetrazole (PTZ) in immature rats, and to evaluate cognitive

Table 2

Comparison of rats' weight (gram).
Groups n (sample size) ~ Weight (gram)  p value
Experimental group (12 day) 16 33+2 >0.05
Control group (12 day) 14 32+2
Immature SE group (22 day) 8 50 + 4 >0.05
Immature control group (22 day) 7 52+ 4
Mature SE group (72 day) 8 220+ 8 >0.05
Mature control group (72 day) 7 222 +10

Comparison of rat weight (gram). The weight of the rats was measured before injection
and before the hippocampal tissue samples were prepared. Data are presented as mean
+ standard error of the mean.
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Table 3
Open-field test parameters of control and experimental groups.

Groups  Number of Number of Number of Number of Number of line passes Time spent in the Time spent in the
defecation rearing freezing grooming (number/5 min) center (s) periphery (s)
Mature 3.6 6.2 1(0-8) 5.4 20 (15-25) 4(3-21) 296 (279-297)
SE
Control 26 3 1(0-3) 44 15 (12-26) 2 (1-20) 298 (280-299)
p >0.05 >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

Values referred as median (1st-3rd quartiles).
and behavioral changes via using Morris water maze (MWM) and open-
field area tests after SE.
2. Material and methods
2.1. Animals
The study protocol was approved by Institutional Ethics Committee

on Animal Experiments of Erciyes University (HADYEK; approval#: 16/
022; 13.01.2016). The study was conducted on 30 male Wistar rats (12-

Table 4a
Comparison of time latency to reach the platform in Morris water maze test.

Groups Day 1 Day 2 Day 3 Day 4

Mature SE group 551 +22 420+42 223+36 181+42 <0.01
Mature control group 504 4+4.1 378 £64 21.1+4.1 180436 <0.01
p value >0.05 >0.05 >0.05 >0.05

p value

Comparison of time latency to reach the platform in Morris water maze test. Data are pre-
sented as mean = standard error of the mean.

Table 4b
Comparison of swimming speed in the test in Morris water maze test (cm/s).
Groups Day 1 Day 2 Day 3 Day 4 p
value
Mature SE group 25.56 + 26.79 + 28.60 + 31.74 £ <0.01
538 4.45 4.40 4.42
Mature control 2593 + 26.18 + 2846 + 30.61 + <0.01
group 4.06 4.16 424 4.32
p value >0.05 >0.05 >0.05 >0.05

Comparison of swimming speed in the test in Morris water maze test (cm/s). Data are pre-
sented as mean + standard error of the mean.

Table 4c
Comparison of traveled distance to reach the platform in Morris water maze test.
Groups Day 1 Day 2 Day 3 Day 4 p
value
Mature SE 726.26 + 516.32 £ 470.63 + 458.58 + <0.01
group 246.21 240.44 238.46 236.86
Mature control  756.64 + 526.16 + 468.88 + 440.62 + <0.01
group 241.41 238.38 237.68 237.52
p value >0.05 >0.05 >0.05 >0.05

Comparison of traveled distance to reach the platform in Morris water maze test. Data are
presented as mean =+ standard error of the mean.

Table 4d
The results of the time spent in target quadrant, 24 h after the last learning secession (%).

Groups Time spent in target quadrant
Mature SE group 2944 + 424

Mature control group 29.52 + 4.60

p value >0.05

The platform was removed, and the time spent in target quadrant was compared. Data
are shown as mean =+ standard error of the mean.

days old; weighing 30-35 g) purchased from Hakan Cetinsaya Experi-
mental and Clinical Research Center (DEKAM), Erciyes University.

All rats were kept in an environment with temperature of 22-24 °C
under 12/12 light/dark cycle with food and tap water provided ad
libitum. All experiments were performed at the same hour in order to
prevent influence of circadian rhythm changes. The rats were assigned
into groups as the control and the experiment groups. Then, the exper-
iment group was divided into two groups as mature (n = 8) and imma-
ture SE (n = 8) subgroups. Again, the control group was divided into
two groups as mature (n = 7) and immature control (n = 7) subgroups
(Fig. 1).

2.2. Seizure model

To induce SE, PTZ was injected to 12-day-old rats in the experiment
group while normal saline (NS) was given to the control group rats via
intraperitoneal route. In order to create PTZ-induced animal model of
SE, PTZ was given at a dose of 35 mg/kg initially, and repeated doses
of 10 mg/kg were administered until SE development. The time interval

Table 5

Effect of status epilepticus on synaptic plasticity gene expression in immature rats.
Gene symbol mRNA gene expression p

Control Immature SE

Arc 0.015913 0.009947 0.03914
Bndf 0.02398 0.034548 0.017998
Mapk1 0.758559 0.874936 0.035638
Nr4al 0.035558 0.0258 0.026212
Ppp3ca 1.785506 2.413288 0.014824
Rsg2 0.038243 0.045705 0.028457
Tnf 0.000338 0.000201 0.032034

Median value of the seven gene expressions between the experimental and control groups
in immature rats.
Statistically significant p values are shown in bold.

16
14

12

0 I| I| ‘l || |I ‘l |I

TNF ARC BDNF NR4A1 MAPK1 PPP3CA RSG2
Genes

-

(=]

Fold Change
o

o
o

(=]

'y

(=]

[N

= immature SE  m Control

Fig. 2. Fold changes in immature SE. Fold changes of the seven gene expressions between
the experimental and control groups in immature rats.
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Table 6

Effect of status epilepticus on synaptic plasticity gene expression in mature rats.
Gene symbol mRNA gene expression p

Control Mature SE

Adcy8 0.011559 0.024744 0.01252
Bdnf 0.018246 0.034423 0.02911
Egr4 0.030025 0.056602 0.047903
Kif17 0.00971 0.004401 0.011465

Median value of the four gene expressions between the experimental and control groups
in mature rats.
Statistically significant p values are shown in bold.
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Fig. 3. Fold changes in mature SE. Fold changes of four gene expressions between the

experimental and control groups in mature rats.
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between initial dose and first dose of repeated injections was 10 min;
then, subsequent doses were repeated by 5-min intervals.

Following the PTZ injection, the rats were placed to a plastic cage
(50 x 20 x 25 cm in size), and seizure scoring was performed for 30
min [20]: stage 0, no response; stage 1, jerks at ear and face; stage 2,
convulsion spreading to body; stage 3, myoclonic jerks or ramping on
hind limbs; stage 4, clonic seizures with falling; 5, repeated tonic—clonic
seizures or death.

The SE was defined as a single seizure lasting for at least 30 min or
repeated myoclonic-clonic seizures by maximum of 5-min intervals
for at least 30 min after the onset of the first stage 4 or 5 seizure. No in-
tervention was made to discontinue the prolonged seizures. After spon-
taneous resolution of seizures, immature experiment and control
groups were observed until weaning (day 22), while mature experi-
ment and control groups were observed until completion of behavioral
testing (day 72).

2.3. Behavior testing

2.3.1. Morris water maze

Morris water maze is a tool preferred to study spatial memory and
learning in rodents such as rats. In our study, MWM (131 cm in diame-
ter, 44 cm in depth) was used to test spatial learning in rats (day 72).
The swimming speed, time in the target quadrant, escape time, and
path length were recorded by “Ethovision” software (NOLDUS).

2.3.2. Open-field area

The rats were placed to the center of a square-shaped Plexiglas sheet
(100 x 100 cm) which was divided into 16 equal squares. In the test,
numbers of rearing, grooming, freezing, defecation, and lines crossed
were noted during 5-min test period, and time at periphery and center
of Plexiglas sheet were estimated by using video records. The Plexiglas
sheet was cleaned by using 70% alcohol after each run.

Freezing was defined as lack of movement (except breathing) for at
least 8 s. Rearing was defined as rearing up to hind limbs for at least 3 s.
Grooming was defined as sweeping extremities and body for at least 10s.

24. Preparation and assessment of hippocampal tissue samples

To harvest the hippocampus, the immature rats in the experiment
and controls groups were killed on day 22 before behavioral testing
while the mature rats in the mature experiment and control groups
were killed on day 72 after behavioral testing by cervical dislocation at
Genome and Stem Cell Center (GENKOK). The mRNA (messenger ribo-
nucleic acid) gene expressions were assessed to study synaptic plastic-
ity at molecular level.

2.4.1. Gene expression studies with quantitative real-time PCR

The RNA (ribonucleic acid) of the harvested hippocampal tissues was
isolated by using Qiazol Lysis Buffer (Qiagen, Texas, USA) in accordance
with manufacturer's instructions. Finally, the quantity (absorbance at
260 nm) and quality (ratio of absorbances at 260 nm and 280 nm) of
RNA were evaluated with a BioSpec-Nano spectrophotometer. RNA
was stored at — 80 °C until used. First-strand complementary DNA (de-
oxyribonucleic acid) was synthesized from the total RNA with RT? First
Strand Kit (Qiagen, Texas, USA). The experiment was conducted accord-
ing to manufacturer's instructions. Qiagen RT?> SYBR Green qPCR
Mastermix Kit (Qiagen, Texas, USA) and commercially available RT? Pro-
filer PCR Array (96-well) rat synaptic plasticity (Cat. No. 330231 PARN-
126ZA) were used for real-time PCR. RT? Profiler DNA (deoxyribonucleic
acid) Array (96-well) contains 84 genes (Table 1) and 6 housekeeping
genes including Actb, B2m, Hprt1, Ldha, and Rplp1. The PCR program
was run using Roche LightCycler® 480 II Real Time PCR. The changes
in gene expression between the experiment and control groups were
determined by the 2724 method of relative quantification. Target
gene copy numbers were normalized using whole housekeeping genes.

2.5. Statistical analysis

The normal distribution of the data was evaluated by histogram, q-q
graphs, and Shapiro-Wilk test. Homogeneity of variance was evaluated
by Levene's test. One-way analysis of variance (ANOVA) was used to
compare open-field area parameters within groups. One-way ANOVA
was used to compare MWM parameters within groups, while repeated
measures ANOVA was used for comparisons between groups. Two sam-
ples and Wilcoxon's tests were performed to compare the differences
between mRNA gene expression results between the groups. The data
were analyzed using the SPSS 22.0 software. p values at 5% were consid-
ered significant.

3. Results
3.1. Comparison of weight, seizure latency, and number of injections

No significant difference was detected in the body weights between
the rats in the experiment and control groups before and after SE (p >

Fig. 4. Heat map displaying the expression value of genes associated with synaptic plasticity in each group. Patterns of gene expression profiles for the 84 differentially expressed genes.
MAPK1, PP3CA, and RSG2 gene expressions were determined significantly upregulated. TNF, ARC, and NR4A1 gene expressions were determined significantly downregulated in immature
rats according to control groups (p < 0.05). In the cluster figure, columns represent samples, and row represents genes (black, red, and green correspond to unchanged, downregulated,
and upregulated, respectively). Test group, hippocampus tissue of immature SE rats; control group, hippocampus tissue of control group. Test group: immature SE group, control group:

immature control group.
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0.05) (Table 2). No difference was detected in time to SE (latency) and
number of injections between the animals of the two experimental
groups (p > 0.05). In all groups, SE lasted 30-120 min (p > 0.05), and
no intervention was made to discontinue the seizures. Three rats died
during SE episode; thus, they were excluded from the study.

3.2. Comparison of behavioral parameters

Behavioral parameters were assessed in the mature experiment
group and the control group (Table 3). No significant difference was de-
tected in any of the parameters in open-field area testing between the
mature SE and control groups (p > 0.05).

3.3. Spatial memory and learning performance

In MWM test, there was no significant difference according to swim
speed, spent time in the platform quadrant, escape time from the plat-
form, and total distance between the mature SE and control groups (p
>0.05) (Tables 4a-4d).

3.4. Assessment of synaptic plasticity

3.4.1. Synaptic plasticity in immature rats

When fold changes were compared between the immature SE and
control groups, six mRNA gene expressions were determined to be sta-
tistically significant according to the control group (p <0.05). When
compared according to fold change of mRNA gene expression, TNF
(tumor necrosis factor), ARC (activity-regulated cytoskeleton-associ-
ated protein), and NR4A1 (nuclear receptor subfamily 4 group A mem-
ber 1) gene fold changes were found less than those of the control group
(p =10.032034, p=0.03914, and p = 0,026212, respectively).
Whereas, BDNF, MAPK1 (mitogen-activated protein kinase 1), PPP3CA
(protein phosphatase 3 catalytic subunit alpha), and RGS2 (regulator
of G protein signaling 2) fold changes were found more than those of
the control group (p = 0.035638, p = 0.026212, p = 0.026212, and p
= 0.028457, respectively) (Table 5 and Fig. 2).

3.4.2. Synaptic plasticity in mature rats

When fold changes were compared between the mature SE and con-
trol groups for mRNA gene expression, a statistically significant differ-
ence was determined compared to the control group. When the fold
changes of mRNA gene expression were compared, the BDNF and
EGR4 (early growth response 4) gene fold changes were found to be
more than those of the control group (p = 0.02911, p = 0.047903, re-
spectively). Whereas, KIF17 (kinesin family member 17) and ADCY8
(adenylate cyclase 8) fold changes were found to be less than those of
the control group (p = 0.011465, p = 0.01252, respectively) (Table 6
and Fig. 3). Figs. 4 and 5 show the cluster diagram analysis of synaptic
plasticity-related genes.

4. Discussion

Defining the changes in molecular mechanisms of synaptic plasticity
pathways triggered by seizures will help to understand the harmful ef-
fects of seizures on neuronal networks and cognitive functions [18].
After the SE, memory, learning, and behavior may be impaired [21].
The progress and spread of seizures, EEG characteristics, behavioral
characteristics, and the consequences of seizures are associated with
brain maturation [22]. Therefore, in this study, the differences in the ex-
pressions of the 84 genes that play a key role in synaptic plasticity after

PTZ-induced SE in the mature and immature brain were determined,
and the effects of SE on memory, learning, and behaviors were
investigated.

Animal studies have shown that long-lasting seizures may cause
cognitive dysfunction [23]. Synaptic plasticity is one of the most impor-
tant mechanisms in the formation of cognitive functions [24]. Electro-
physiological studies suggest that short- and long-term synaptic
plasticity in cortex and hippocampus may vary significantly after sei-
zures [25,26]. However, because of the contradictory results of experi-
mental studies, the pattern and main mechanisms of these changes
are still unclear. In this study, we evaluated the effect of SE on the
changes of synaptic plasticity gene expressions which are responsible
for LTP and LTD formations.

Immature rats and emotional or learning problems were not re-
ported [27,28]. In our study, there was no difference between the ma-
ture and control groups in the open-field and MWM behavior,
memory, and learning after the SE, which was evaluated as compatible
with the literature findings.

Before this, there is no study performed concerning effects of PTZ-in-
duced SE. In our study, after PTZ-induced SE, differences were observed
in the gene expression of ADCY8, BDNF, PPP3CA, and MAPK1 genes
which are LTP-related genes, whereas differences were observed in
PPP3CA and MAPK1 gene expressions which are LTD-related genes.

It is known that MAPK1 plays an important role in cellular transmis-
sion in NMDA (N-methyl-D-aspartate) receptors [29]. The significant
increase in MAPK1 expression in the immature SE group in our study
supports the idea that MAPK1 plays a role in the disruption of synaptic
plasticity, especially associated with LTP.

In our the study, the significant increase in ADCY8 mRNA gene ex-
pression in the mature SE group suggests that ADCY8 may play a role
at the molecular level in epileptogenesis and that the downstream
flow stream (Cyclic adenosine monophosphate (cAMP)-Extracellular
signal-regulated kinase (ERK)1/2-cAMP-responsive element-binding
protein (CREB) pathway) may be a potential target in epileptic treat-
ment. In a study, the importance of ADCY8 in LTP and synaptic plasticity
was emphasized, and it was stated that it played a role in the consolida-
tion of memory and long-term memory related to fear [30]. In another
study, ADCY8 inactive mice showed a decrease in susceptibility to kainic
acid and pilocarpine from chemical convulsions [31]. In addition, cAMP
and cAMP-dependent protein kinase A is involved in epileptiform dis-
charge in rat hippocampus [32].

In our study, there was a significant increase in BDNF mRNA expres-
sion in mature and immature experimental groups after PTZ-induced
SE. Brain-derived neurotrophic factor mRNA and protein are signifi-
cantly upregulated in the hippocampus by seizure activity in animal
models [33], and infusion of anti-BDNF agents [34], or BDNF knockout
[35] or truncated tropomyosin-related kinase B (trkB) overexpressing
[36] mice inhibits epileptogenesis in animal models. Conversely, direct
application of BDNF induces hyperexcitability in vitro [37]; overexpres-
sion of BDNF in transgenic mice leads to spontaneous seizures [38]; and
intrahippocampal infusion of BDNF is sufficient to induce seizure activ-
ity in vivo [39]. The hippocampus and closely related limbic structures
are thought to be particularly important in the proepileptogenic effects
of BDNF [34], and in fact, increased BDNF expression in the hippocam-
pus is found in specimens from patients with temporal lobe epilepsy
[40]. Understanding the hyperexcitability to BDNF in animal models of
epilepsy is promising for new anticonvulsant or antiepileptogenic ther-
apies [41].

As it is known, exposure to seizure is the basis for the development
of new seizures, the data we obtained in our study support the

Fig. 5. Heat map displaying the expression value of genes associated with synaptic plasticity in each group. Patterns of gene expression profiles for the 84 differentially expressed genes.
BDNF and EGR4 gene expressions were determined significantly upregulated. KIF17 and ADCY8 gene expressions were determined significantly downregulated in immature rats
according to control groups (p < 0.05). In the cluster figure, columns represent samples, and row represents genes (black, red, and green correspond to unchanged, downregulated,
and upregulated, respectively). Test group, hippocampus tissue of mature SE rats; control group, hippocampus tissue of control group. D2: mature SE group, K2: mature control group.
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knowledge that BDNF has proepileptic effects. In addition, the signifi-
cant increase in BDNF mRNA gene expression in the SE experimental
groups raises the question of whether we can determine the level of
BDNF mRNA in serum and determine progression in epilepsy using a
practical method that can be applied in clinical trials [42].

In our study, increased mRNA expression of PPP3CA genes and de-
creased ARC gene mRNA expression were found in immature SE
group. In addition, increased expression of EGR4 in the mature experi-
mental group was observed. Protein phosphatase 3 catalytic subunit
alpha gene functions in the regulation of neuronal cell skeletal structure
and on synaptic plasticity still remain unclear [43]. In our study, ARC and
EGR4 gene expression changes were consistent with the literature.

Expression of EGR4 gene-associated plasticity was found to be in-
creased, and synaptic conductivity was found to be defective [44]. In a
previous study, schizophrenia and the EGR4 gene were associated
with male patients [45]. It is known that EGR4 functions as a transcrip-
tional suppressor and displays autoregulation activities, and also regu-
lates its gene expression that is downregulated depending on dose
[46]. Activity-regulated cytoskeleton associated protein expression is
required for long-term memory consolidation. However, it is not for
learning or short-term memory formation [47].

In our study, we demonstrated that a significant decrease in Tnf-a
mRNA gene expression in the immature SE group which could be ex-
plained by expected an inflammatory response is defective after SE,
the clinical relevance of this finding needs further investigations.

In inflammatory epilepsies, significant inflammatory reactions in the
epileptogenic area have been shown, which were considered to affect
excitability. This inflammatory reaction in rats has been shown to in-
crease neuronal excitability, lower seizure threshold, and prolonged sei-
zure duration, and the seizures reduce with some antiinflammatory
drugs [48]. According to the literature, inflammatory processes are
dominant in drug-resistant epilepsies in terms of antiinflammatory
process.

In physiological conditions, astrocytes play a central role in synaptic
integration and neuronal processes. In particular, they cause the release
of TNF-a from astrocytes and the simultaneous activation of various pro-
cesses during extended synaptic activity [49]. The reduction of TNF-a
mRNA gene expression in the immature SE group may be considered
as an indication of impaired synaptogenesis when the above-mentioned
processes, activated together with TNF-o release, were evaluated.

As there were no recurring seizures in our study, the experimental
groups were not exposed to any chronic stress. This may be the reason
why we could not find significant differences in behavioral tests and re-
duction of TNF-a in the immature SE group.

The NR4A (nuclear receptor subfamily 4 group A) receptors are asso-
ciated with pathological inflammatory conditions (cancer, immunolog-
ical changes, and metabolic, cardiovascular, or neurological diseases
etc.) [50]. One study demonstrated that hippocampal overexpression
of NR4A1 may improve age-related memory disorders [51]. Nuclear re-
ceptor subfamily 4 group A is induced in the mouse hippocampus by
contextual fear conditioning or histone deacetylase inhibitors [52].

In our study, the decrease in NR4A1 mRNA gene expression in the
immature SE group in the hippocampus may be helpful to explain to un-
expected inflammatory conditions related to the reduction of TNF-a
after epileptic seizures. Regarding the effects of NR4A1 on memory
functions in the immature brain, there are no data in the literature.
We concluded that long-lasting seizures may affect the emotional mem-
ory processes transiently in hippocampus during the immature period.

In our study, the significant decrease in KIF17 expression in the im-
mature experimental group supports the fact that postseizure KIF17 is
one of the molecular mechanisms involved in learning and memory
after PTZ-induced SE. It has been found that overexpression of KIF17 in-
creases spatial and working memory in transgenic mice [53], and it was
found that performance in learning and memory tests was impaired in
recent function loss studies in KIF17 —/— mice [54]. The critical role of
KIF17 in transporting the NR2B (N-methyl D-aspartate receptor subtype

2B) subunit to postsynaptic dendrites [55], and the neuronal plasticity
of NR2B plays a key role in learning and memory [56]. Taken into ac-
count, in the literature data, we concluded that, although the molecular
mechanism of memory and learning was changed, we could not find
any clue using behavioral tests regarding these effects of PTZ-induced
SE.

Considering the fact that RGSs (regulator of G protein signaling) reg-
ulate the G protein-mediated signal kinetics and affect the specificity of
signal transduction, it is no surprise that we detected a significant in-
crease in the expression of RGS2, which acts as a negative signal regula-
tor by decreasing the G protein signal duration, in immature SE group
[57].

Activity-regulated cytoskeleton-associated protein, BDNF, MAPK1,
NR4AT1, PPP3CA, RGS2, TNF mRNA gene expressions were different in
the immature SE group; whereas, ADCY8, BDNF, EGR4, KIF17 mRNA
gene expressions were different in the mature SE group. The most strik-
ing is the increased expression of the BDNF gene in both immature SE
and mature SE groups. This observation may indicate that BDNF has a
more important role than other genes in SE. In the immature SE
group, the fact that there were no significant differences in gene expres-
sion in ARC, MAPK1, NR4A1, PPP3CA, RGS2, TNF genes can be explained
by the absence of recurrent seizures. Recurrent seizures may lead to
persistence of changes in gene expression in the mature period. Expres-
sion changes in the ADCY8, EGR4, KIF17 genes that were detected only
in the mature SE group lead us to a question, could this cause of gene ex-
pression changes be the late-term effect of SE?

There are no biomarkers for epileptogenesis. The relationship of in-
flammation with epilepsy seizures is one of the subjects that attract at-
tention in recent years. It has been shown in animal studies that the
synthesis of various cytokines and adhesion molecules has increased
[48]. Only levels of inflammatory proteins in circulating blood have
been proposed as potential biomarkers of epileptogenesis [58]. In a
human study, postictal and interictal cytokine levels were compared,
and their levels were significantly higher in the postictal period [59].
When our findings are evaluated, it can be thought that results of
gene expression may be potential biomarkers; however, new studies
are needed to support this idea because epileptogenesis is a dynamic
process and cannot be explained by a single mechanism.

5. Conclusions

In this study, we evaluated the expression of all synaptic plasticity
genes after PTZ-induced SE in mature and immature rats for the first
time. Although there was no significant difference in behavioral tests
after SE induced by PTZ, a significant difference was observed in gene
expression levels which play a role in learning memory and synaptic
plasticity at the molecular studies. Although there is no impairment of
learning memory after resistant seizures, the expression of genes that
play important roles in learning memory is affected. It is not easy to ex-
plain epileptogenesis by a single mechanism. Comorbid conditions
should also be considered in this respect. The role of synaptic plasticity
in epileptogenesis is obvious, and the changes in gene expression fol-
lowing ES in our study support this information.

Considering our findings, it may be thought that gene expression
products in our study may be potential biomarkers, but epileptogenesis
is a dynamic process and cannot be explained by a single mechanism.
Future studies on epileptogenesis, and studies that will be designed spe-
cifically on genes in which we detected differences in expressions will
elucidate better the synaptic plasticity and epileptogenesis in epilepsy.
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